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ABSTRACT: Annual carbon, nitrogen, and phosphorus leachate rates from live Spartina alterniflora 
Loisel in a Louisiana (USA) salt marsh were estimated to be 200, 14, and 3 g m-2, respectively, and to 
peak in summer and higher salinit~es. Leachate losses of P, N and C are equivalent to a turnover of live 
plant tissues of 10, 17 and 49 d, respectively, when submerged, and 148, 250 and 721 d, respectively, 
when unsubmerged. Plant leachate losses during marsh submergence and non-submergence are 
nearly equal because release rates are 15x greater during submergence. Nitrogen and carbon concen- 
trations relative to phosphorus are proportionately 4x  higher in leachates than in live plant tissues. The 
amounts released are high enough to account for measured seasonal changes in the heterotrophic rates 
of the estuarine plankton community. Leachates appear to be an underappreciated yet significant 
nutrient and carbon source for salt marsh food webs, and of potential widespread significance for many 
other estuarine communities. 
INTRODUCTION 
Salt marshes are  characterized by large nutrient stor- 
age  capacities in tissues and sediments and 'leaky' 
mineral cycles, which is in strong contrast to plank- 
tonic and coral reef communities (Pomeroy 1975). 
Studies of the loss of salt marsh-derived nutrients and 
organic materials to estuaries have generally focused 
on particulate detritus, but nutrients and organics are  
also released from live aboveground macrophyte 
tissues (herein called leachates). Total C, N and P 
measurenlents of leachate losses from salt marsh 
plants are reported only for one location in Georgia, 
USA (Sapelo Island) and there are contradictory con- 
clusions concerning the magnitude and  significance of 
leachates released by the dominant salt marsh plant, 
Spartina alterniflora Loisel. Pakulski (1986) resolved 
some of the differences between the estimated carbon 
release rates of Gallagher et  al. (1976) and the higher 
rates estimated by Turner (1978). Reimold (1972) 
suggested that P turnover via Spartina sp. leachates 
was several times daily, whereas McGovern et al. 
(1979) estimated the phosphate turnover time to be 
measured in years, not hours. Released leachates are 
potentially important for estuarine food webs. Turner 
(1978) and Wright & Coffin (1983) concluded that 
heterotrophic plankton are efficient consumers of the 
organics in leachates. Bacterial conversion efficiencies 
of macrophyte leachates have been shown to be  sub- 
stantially higher than from detrital carbon (e.g. Findlay 
et  al. 1986), so determining the magnitude of leachate 
rates is of interest when investigating estuarine trophic 
structure. 
In this paper I report on the content and quantity 
of carbon, nitrogen, and phosphorus leachates from 
Spartina alterniflora plants growing in a Louisiana and 
4 U.S. east coast salt marshes. Leachate concentration 
data are combined with literature values to estimate 
the quantity of C, N, and P leached from S. alterniflora 
wetlands during and between flooding cycles. 
MATERIALS AND METHODS 
Monthly sampling was from a monotypic Spartina 
alterniflora (Loisel) stand near Leeville, Louisiana, USA. 
Additional samples were collected in August 1977 from 
U.S. east coast salt marshes near Charleston (South 
Carolina), Wachapreague (Virginia), Darien (Con- 
necticut), and Rye (New Hampshire). Leachates were 
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collected in the marsh from live S. alterniflora plants by 
submerging the terminal 6 to 20 cm of attached green 
tissues into either artificial or filtered (0.45 pm glass fiber 
filters) tidal creek water and then monitoring changes in 
solution chemistry. All leaves were first wiped with a 
damp cloth and leaf cuticles and then inspected to 
insure that they were not visibly damaged. This proce- 
dure is different from that of Gallagher et al. (1976) and 
Hopkinson & Schubauer (1984). Gallagher et  al. (1976) 
pointed out that their test solution was not entirely free 
of organisms because of not wiping or incomplete 
wiping, and Hopkinson & Schubauer (1984) were con- 
cerned that epiphytes might be damaged by wiping. I 
did not determine how much leachate might be con- 
sumed by epiphytes wiped off the leaves in this series of 
experiments. Damaged epiphytes were not considered 
to significantly add to the leachate pool because of the 
30 min pre-soaking period that I used; the first few min- 
ctzs of szbmergefice resu!t in high ar?d irregu!ar 
leachate release rates (Turner 1978), which is probably a 
consequence of an accumulation of previously released 
leachate on the plant. The immersion solution from this 
p r ~ s o a k i n ~  period was not sampled. therefore. but 
replaced with new liquid after 30 min. The immersion 
solution salinity was always within 5 %O of ambient soil 
water salinity for one set of experiments on each 
sampling date. Release rates were then determined for 
periods up to 3 h by determining changes in chemistry 
from the beginning to end of the experiment. 
Other leaves from a Louisiana marsh were also 
wiped, pre-soaked for exactly 60 S, and then soaked in 
new solution for only 60 S, twice daily during daylight, 
at times when winds kept water off the marsh. Plants 
were continuously protected from rainfall with a 
plastic semi-transparent tarp held at 2 m height. The 
sides of the tarp were open, but light conditions were 
not measured. Experiments lasted from 24 to 60 h and 
3 to 10 replicates were done each field trip. A long- 
term release rate by non-submerged aboveground 
tissues was estimated from a linear regression of the 
cumulative leachate losses occurring up to each 
sampling interval versus time (corrected for the 60 S 
immersion). Leaves were harvested at the end of the 
experiment, dried at 80 'C for 3 d and weighed to the 
nearest 0.005 g. 
Samples for organic carbon determinations were 
sealed within 2 h of collection and analyzed using a 
persulfate oxidation method and Oceanographic Inter- 
national carbon analyzer calibrated with both inor- 
ganic and glucose standards. Previous experiments 
resulted in the determination that greater than 95 % of 
the released organics were small enough to be called 
dissolved organic matter (Turner 1978). Other samples 
were frozen to later determine the inorganic (nitrate, 
nltrite and ammonia) and organic nitrogen content 
(Total Kjeldahl digestion) and total and inorganic 
phosphorus content (acid persulfate method; Strick- 
land & Parsons 1968). 
The C:N and C : P  atomic ratios in leachates were 
calculated by 2 methods: ( l )  averaging the ratios from 
each individual experiment, and, (2)  determining a 
linear regression of the changes in element concentra- 
tion before and after submergence, using data from all 
experiments. The latter method was preferred since, in 
the first case, errors from chemical analysis are more 
serious at the lower limits of technique sensitivity. 
The vertical distribution of live plant biomass was 
estimated using seasonally collected live plants from 
undisturbed 0.25 m2 quadrats at Leeville, Louisiana. 
Leaves were allowed to hang loosely to simulate their 
natural distribution during flooding, and cut into 10 cm 
segments. The cumulative percent of biomass of live 
plants at any height (cm) above the marsh floor is 
described by the formi~la: 
where Y,  = cumulative percent of the total biomass Y, 
at any height Z (cm), up to the total height of the plant 
community, H (cm). The live biomass below any height 
interval was then calculated based on plant height and 
live biomass values derived from the scientific litera- 
ture. A linear regression of the predicted and observed 
values of Y,  yielded a coefficient of determ~nation (R2) 
of 0.95 in all cases. 
I calculated seasonal leachate losses using data on 
salinity, tidal data (R. Baumann unpubl.), leachate rate, 
and the amount of biomass submerged. 
RESULTS 
Seasonal changes in carbon leaching from sub- 
merged plants were lowest in winter and at O % o  
salinity (Fig. 1 ) .  The average leachate release rates for 
all data collections are presented in Table 1. The co- 
efficient of variance (CV) for 3 replicate measurements 
was typically 0.5. The average seasonal release rate in 
Louisiana was 334 pg C (g dry wt)-' h-' for all data 
combined (CV = 0.69). This average leachate release 
rate is about the same as measured by Pakulski (1986), 
but 3 times that measured in the summer by both 
Hopkinson & Schubauer (1984) and Gallagher et al. 
(1976) for a Georgia salt marsh. The carbon leachate 
rates at 30 %o were 10x higher in July compared to 
December, and 3x higher than that at 0 L. The aver- 
age of 5 monthly estimates of leachate release rates 
from non-submerged plant tlssues was 7.3 % of the 
leachate loss rates of carbon from submerged plants. 
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Flg. 1.  Spartina alterniflora. Average carbon leachate loss 
rates at  different salinities of soaking solutions from live 
plants In a Louisiana marsh 
U- 
a Table 2.  Average C . N  and C : P  atomic ratlos (+ 1 SDI in 
Q, leachates from salt marshes. Results from each sampling trlp 
U 1 2 0 0 -  were combined, and the mean atomlc ratio determined by 
C : N  C : P  
Louisiana, USA 
Average 16.1 + 12.1 80.6 T 93 9 
(NI (13) (71 
Regression 
analysis 16.2 164 
(NI (1.1) (6)  
Atlantic coast, USA 8.3 + 12.7 465 + 320 
(NI (3) (3) 
0 
More than 85 % of the C,  N, and P leachates were 
always in the organic, rather than inorganic forms. 
Annual average atomic ratios for leachates from 
Louisiana salt marshes were calculated to be approxi- 
mately 1 6 : l  for C : N  and between 80: 1 to 164: 1 for 
C :  P (Table 2). There were no apparent regional differ- 
ences in the P : N : C ratios determined for the east coast 
salt marshes during summer. The P : N : C  atomic ratio 
of the leachates averaged 1: lO:  164 compared to a 
P:  N:  C ratio for live plant tissues of 1 :46:?94 (derived 
from data in Tables 2 & 3). Thus, leachates are more 
enriched with nitrogen and carbon relative to phos- 
phorus compared to concentrations in the live plant. In 
conlparison, Hopkinson & Schubauer (1984) estimated 
a C : N  ratio of 10.2 for Spartina alterniflora leachates. 
Turnover times of C,  N and P in healthy plant tissues 
relative to the leachate release rates ranged from 10 to 
721 d (Table 3). The results of McGovern et al. (1979) 
(1) average,  or (2) hnear regression of the concentratlon of 2 
Table 1. Average carbon leachate rates (pg  C (g  dry wt)-l h- '  
T 1 SDI for this study and for other locations. N = number of 
sample tnps or expenmental setups; each trip involved 1 to 
3 determinatlons 
o 30 ppt 
Q, elements in the ~ n c u b a t ~ o n  solution N = number of sample 
3 trips; each trip lnvolved 1 to 3 determ~nations 
t- 
-0 




0 O 1 ' ' ' . ' . ' . r  
1 2 4 6 8 1 0  1 2  
Month 
Location Submerged Non-submerged 
Louisiana. USA 334 2 249 24 5 + 16.2 
(thls study) (N = 37) (N = 16) 
At lant~c  oast, USA 346+  213 - 
(this study) (N  = 3) 
Georgia, USA 42 - 163 - 
(Gallagher et al. 1976) 
Georgia, USA - summer 200 - 800 20.6 - 21.6 
(Turner 1978) (N = 33) (N  = 2) 
Georgla. USA - summer 102.5 + 12.0 - 
(Hopkinson & Schubauer 1984) 
Georgla, USA 1 6 8 3 5  - 
(Pakulski 1986) (N = 18) 
and Reimold (1972) are included in Table 3 for com- 
parison and are for phosphate-phosphorus only. The 
data for N and P turnover rates in submerged and non- 
submerged tissues (Louisiana only) are based on the 
C :  N:P  atomic ratios summarized in Table 2 and the 
carbon release rates summarized in Table 1. 
The leachate losses during submergence are nearly 
equal to the losses during the longer periods when 
plants are not flooded because of the compensatory 
differences in release rates. Total annual C, N, and P 
losses as leachates were estimated to be 200, 14, and 
3.1 g m-', respectively. The precision and accuracy of 
these estimates is compromised by the statistical un- 
certainty in the variability of leachate rates (e.g. the 
standard deviation for all carbon leachate rates was 
69 % of the average), as well as the variability in 
technique application among investigators. 
The seasonal peak in leachate losses of C, N and P 
was in the summer when biomass is highest. 
A crude estimate for leachate losses from a Con- 
necticut marsh during late summer was also obtained by 
using Steever's (1972) biomass, total plant height and 
elevation, and tidal data, together with results from 
Fig. 1 and Tables 1 & 2. The estimated annual C,  N, and 
P losses in Connecticut were 58, 4.2, and 0.9 g m-2, 
respectively. The average annual standing biomass (Live 
plants) in Connecticut is 40 % of that in Louisiana, so it is 
not surprising that the estimates of leachate losses in 
Connecticut are  30 % of those in Louisiana. 
DISCUSSION 
Carbon 
The total amount of leachate carbon released, 200 g 
C m-2 yr-l, represents from 5 to 10 % of the total net 
aboveground plant production of Spartina alterniflora 
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Table 3. Turnover time (days) of C, N and P as leachates for healthy Sparfina 
alterniflora leaves In various locations in the USA 
1 Element Dry weight 
of plant 
(mg g-l leaf) 
Location Mean annual 
turnover time (d) '  
Non-submerged Submerged 
Carbon 400b.' Lousiana 721 49 
Nitrogen 1 OC Lousiana 250 17.3 
Massachuse t t s~as  NH,-N) - 7Oh- 
Phosphorus 1 . 3 ~  Lousiana 148 10.3 
East coast 419 - 
Maine' (as PO,-P) 5416 - 
Georgiag (as PO,-P) - 0.04 h - 
20h. i 
"Calculated from data in Tables 1 & 2;  bKeefe & Boynton (1973); 'Burkholder 
(1956); d ~ o s s e l i n k  et al. (19771; "Valiela & Teal (19801; 'McGovern et al. (1979; as . . 
phosphate); gReimold (1972; as phosphate); hinteg;ated measurement' of non- 
submerued and submeraed turnover rates; not corrected for mathematical error 
in original publication; 'corrected tor mathematical error in originai pubiicaiion 
(Reinold 1972) 
in s n ~ ~ t h  Louisiana (Turner 19761. comparable amounts 
and percentages have been measured for other eco- 
systems, especially marine algae (Sieburth 1969, 
Sieburth & Jensen 1969, Newel1 et al. 1980). Lower 
percentages (1 to 4 % lost as DOM) have been re- 
ported using radio-carbon isotope, rather than direct 
chemical measurements (e.g. Wetzel & Manny 1972, 
Brylinsky 1977). I believe these earlier isotope meas- 
urements give lower rates than observed in this pre- 
sent study because the carbon isotope, once assi- 
milated, will tend to be diluted not only in that 
photosynthate pool formed during incubation but also 
throughout the cellular fluids. The estimate of carbon 
using the radioisotope method may be closer to an 
approximation of the total carbon turnover in the plant 
tissues rather than an instantaneous measure of carbon 
flux and thus is an  underestimate of the actual leachate 
losses. 
Nitrogen 
There are few comparable measurements of nitrogen 
released as leachates. Valiela & Teal (1980) reported a 
mid-summer leachate loss as ammonia from live leaves 
of 7 kg d-' for the entire marsh, equivalent to a turnover 
time of 70 d for live plant tissue, or 5.6 g N m-' yr-l, 
assuming a growing season of 180 d. If  the inorganic 
nitrogen forms are 10 % of the total leachates and peak 
in late summer, as in Louisiana, then the total leachate 
N losses in the Massachusetts marsh are an important 
component of a marsh N budget and are similar to data 
presented in Fig. 1 and Tables 1 & 2. Hopkinson & 
Schubauer (1984) estimated that 
leachates from a Georgia salt marsh 
accounted for a total annual flux of 
0.7 g m-2, or 5 % of that estimated 
in this study. They assumed a 
lower leachate loss rate for carbon 
(102.5 pg C (g dry wt)-' h-'), and a 
C : N  ratio of 10.2. They did not 
measure leachate loss rates of nitro- 
gen when the plant was not flooded 
and used Gallagher et al.'s (1976) 
flooding calculations for total flux, 
which were more conservatively 
estimated and without the benefit of 
data on the vertical profiles of plant 
biomass during flooding. Klopatek 
(1978) estimated nitrogen leachate 
losses from a freshwater macro- 
phvte to be 90 % of the particulate 
losses and equal to a turnover time 
of 180 d, but his methods were 
not described. The annual nitrogen 
leachate release rates for Louisiana, 140 kg N ha-', are 
equivalent to estimated nitrogen fixation rates and two- 
thirds the sediment accumulation rate in Louisiana 
(DeLaune & Patrick 1980). This leachate release peaks 
in mid-summer, whereas nitrogen release from dead 
material is constant throughout the year in Georgia 
(Gallagher et al. 1980). 
Phosphorus 
The results in Table 3 for phosphorus losses are 
different from those previously published, but these 
differences may be attributed to technique sensitivity, 
calculation error, and experimental conditions. For ex- 
ample, Reimold (1972) reported phosphorus leachate 
rates that were l 0  000 l m e s  higher than those reported 
by McGovern et al. (1979). Reimold used 32P as a 
tracer. Data reported since his study suggest that the 
number of samples may have been inadequate since 
the specific activity of the isotope may change inside 
the plant (e.g. Twilley et al. 1977). More importantly, 
an inadvertent division of the biomass by the dissolved 
inorganic phosphorus (DIP) concentration, rather than 
multiplication, occurred in his Table 2 (R. Reimold 
pers. comm.), so that the product is at least 125x higher 
than that which should have appeared regardless of 
technique. Further, plants were soaked for 4 h, so that 
the turnover rate given in Reimold's Table 2 is 500x 
too h g h ,  without correction for technique assumptions. 
The correct turnover time as phosphate-P should be 
20 d (submerged), not 0.04 d shown in his Table 2. 
Because the summer values are about 2x the average 
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annual rate (Fig. l ) ,  and total P is approxin~ately 10x 
the inorganic-P, the appropriate revised number for 
total P turnover in live submerged plants is about 4 d 
for Reimold's (1972) experiments. 
In contrast, McGovern et  al. (1979) report much 
lower phosphorus release, but they measured only in- 
organic phosphorus for unflooded plants. Since total P 
in the leachates is approximately 10x the inorganic P 
released, their data for unflooded plants is also similar 
to the results reported in Table 3. 
In comparison, McRoy et al. (1972) measured leaf P 
turnover times of 84 d for submerged eelgrass beds, 
and Klopatek (1978) measured times of 273 d for non- 
subnlerged freshwater macrophytes. 
The calculated annual P flux from this Louisiana salt 
marsh was 3.1 g P m-', which compares to 1.7 g P m-' 
for a Georgia salt marsh (Pakulski 1992). 
CONCLUSIONS 
The patterns in leachate release rates from Spartina 
alterniflora are similar to those of other plants under 
comparable conditions. Leachate losses are greatest 
when the plants are first submerged, then level off to 
rates that are  about 10x that of nonsubmerged plants 
(Turner 1978). Marine intertidal halophytes are  likely 
to release DOM since they are  wetted regularly, dried 
often, and commonly must excrete salts. It is not clear, 
however, whether the leaching of organics is a meta- 
bolically active or passive process. Certainly, other 
wetland plants actually exude organic molecules. 
These include, for example, proline released during 
salt stress (Pollak & Waisel 1970), as well as boron 
(Pulich 1978), sulphur (Carlson 1980, Pakulski & Kiene 
1992), mercury, cadmium, zinc (Kraus et  al. 1986), 
sodium and potassium. Leaching of inorganic ions 
from Spartina spp. is also well documented (e.g. 
Bradley & Morris 1991, Rozema et  al. 1991). Leaching 
is so common and significant, in fact, that Tukey (1970) 
wrote in his review of leaching from plants that: 'The 
extensive list of substances, both organic and inor- 
ganic, which can be leached from plants leads one to 
speculate whether under proper conditions, many, if 
not all constituents, can be leached.' 
Clearly, leachates are utilized by aquatic consumers 
and epiphytes undoubtedly intercept some leachates 
before they escape to the water (Penhale & Smith 1977. 
Thayer e t  al. 1978). Salt marsh tidal creek plankton, 
bacteria and meiofauna readily respire glucose 
(Hanson & Snyder 1980, Montagna 1984) and take up 
these leachates, specifically (Gallagher et al. 1976, 
Turner 1978). Some marine nlussels remove specific 
free amino acids at 40 nmol 1-' concentration during a 
single passage of water across the gill (Manahan et  al. 
1982). Small experimental additions of dissolved 
organic carbon to stream ecosystems resulted in a dis- 
proportionately larger increase in secondary produc- 
tion (Warren et al. 1964) and lake macrophytes are 
thought to strongly influence in situ oxygen demands 
via leachate release (Carpenter et  al. 1979). Wright & 
Coffin (1983) attributed the seasonal accumulation of 
many large bacteria in 3 northern Massachusetts salt 
marsh estuaries to increased availability of substrates 
and suggested dissolved substrates from Spartina 
alterniflora to be a reasonable substrate source. Find- 
lay et al. (1986) have confirmed the high DOC to 
bacterial biomass conversion efficiencies (53 %) for 
aquatic bacteria growing on macrophyte leachates. 
Although leachate rates from Spartjna alterniflora 
are  low per unit biomass, plant biomass is high (up to 
1500 g dry wt m-') and their impact, therefore, is 
potentially significant. The leachate flux peaks in the 
summer and the uptake of these relatively small mole- 
cules is rapid, and mediated by organisms larger than 
8 pm (Turner 1978). Thus, in Georgia salt marsh estu- 
aries the seasonal changes in total plankton hetero- 
trophy (Ragotzkie 1959, Turner 1978) parallel the 
seasonal changes in macrophyte leachate losses, but 
not jn situ algal production, which is light limited 
(Turner et  al. 1979). The significance of leachate losses 
relative to in situ production in Louisiana marshes will 
be  somewhat different from Georgia estuaries since 
turbidity in the former marshes is lower, on average 
(unpubl. data). 
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